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Hydrogen Incorporation in Boron-Doped 6H-SiC CVD
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We report on the initial investigations of using site-competition epitaxy to
control boron incorporation in chemical vapor deposition (C_) 6H-SiC epilayers.
Also reported herein isthe detection of hydrogen in boron-doped CVD SiC
epilayers and hydrogen-passivation of the boron-aceeptors. Results from low
temperature photolumineseence (LTPL) spectroscopy indicate that the hydro-
gen content increased as the capacitance-voltage (C-V) measured net hole
concentration increased. Secondary ion mass spectrometry (SIMS) analysis
revealed that the boron and the hydrogen incorporation both increased as the Si/

C ratio was sequentially decreased within the CVD reactor during epilayer
growth. Epilayers that were annealed at 1700°C in argon no longer exhibited
hydrogen-related LTPL lines, and subsequent SIMS analysis confirmed the
outdiffusion of hydrogen from the boron-doped SiC epilayers. The C-V measured
net hole concentration increased more than threefold as a result of thel700°C
anneal, which is consistent with hydrogen passivation of the boron-acceptors.
However, boron related LTPL lines were not observed before or after the 1700°C
anneal.
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INTRODUCTION

The intrinsic material advantages of silicon carbide
are currently being exploited in the development of
high power and high frequency semiconductor de-
vices for service in high temperature, corrosive, and
high radiation environments. These microelectronic
devices include high voltage Schottky rectifiers and
power metal-oxide semiconductor field-effect transis-
tors (MOSFETs), _ microwave and millimeter-wave
devices, 2,3and high temperature, radiation resistant
junction field,effect transistors (JFETs).4 However,
in order for the theoretically calculated advantages 1,5
of using SiC to be fulty realized, advancements are
needed both in the bulk _owth andin the epilayer
growth of SiC. For example, improvements in the
bulk _owth of SiC are needed for elimination of
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device limiting micropores and micropipes. _ Other
advancements are needed in the epilayer growth

process. In particular, dopant incorporation during
the _owth of SiC epilayers must be understood and
reliably controlled. Site-competition epitaxy, for ex-
ample, is a recent advancement for the control of
dopant incorporation for both aluminum (p-type) and
nitrogen (n-type) doped epilayers, which has resuited
in increased doping range and improved doping re-
p roducibility for the growth ofchemi cal vapor depo s i-
tion (C_)SiC epilayers. 7 Use of site-competition

epitaxy has led to improved device performance which
includes high voltage diodes, s ohmic as-deposited
contacts, 9 and high temperature JFETs. I°

The usefulness of site-competition epitaxy relies
upon each particular dopant atom substituting only
for either a Si atom in the Si-site or for a C atom in the
C-site of the growing SiC epilayer. Site-competition
epitaxy has been successfully used for control of both
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Al andN doping,partlybecauseAl substitutesfor Si
in theSi-siteswhereasN substitutesfor Cin theC-
sitesoftheSiClattice.11In contrast,boronhasbeen
reportedas an amphotericp-typedopantin SiC,
substitutingintoboththeC-siteandintotheSi-siteof
theSiClattice.11,12

Inthispaper,wereportontheinitial investigations
of using site-competitionepitaxyto controlboron
incorporationinCVD6H-SiCepilayers.Alsoreported
hereinis the detectionof hydrogenin boron-doped
CVDSiCepilayersandhydrogen-passivationof the
boron-acceptors.Hydrogenhasbeenpreviouslyde-
tectedbothin ion implanted,la14andin CVDgrown
SiCepilayers._5However,we reporta correlationof
hydrogenconcentrationcontainedinCVDgrown6H-
SiCepilayerswith theamountofboronincorporated
during the epilayergrowth process.Both the site
occupancyandhydrogenincorporationareaspectsof
boron-dopedSiCepilayerswhichcouldimpactother
studies,suchastheinvestigationsofpotentialreduc-
tionsininterfacestatesforimprovedMOSdevices.16,17
Therefore,if borondoesoccupyboththeC-siteandSi-
site,thencontroloversiteoccupancymustfirst be
accomplishedbeforepotentialeffectsof site occu-
pancyon resultingdevicepropertiescanbe accu-
ratelydetermined.

EXPERIMENTAL
The6H-SiCepilayersweregrownoncommercially

availablen-type(0001)SICSi-faceboule-derivedwa-
fersis in an atmosphericpressureCVDsystem,19,2°
with a typical growthrate of 3-4 _m/h.The SiC
substrates were pre-cleanedusing a standard
degreasingsolution,followedbyimmersioninboiling
sulfuricacidfor I0 rain,with afinal deionized-water
rinseandthendriedwithfilterednitrogen.Thecleaned
substrateswereplacedontoa SiC-coatedgraphite
susceptorandthenloadedintoawater-cooledfused-
silicareactorusingafused-silica-carrier.Thesamples
wereheatedvia the radio frequency(rf) coupled
susceptorwhichwastemperaturecontrolledat 1450°C
usingan opticalpyrometer.Silane(3%in H2)and
propane(3%in H2)wereusedasthesourcesfor SiC
epilayergrowth,whereas3%hydrogenchloridegasin
hydrogenwasusedduringa1350°Cinsitu4minetch
justpriortoepilayergrowth.All gasesweremassflow
controlled,includingtheultra-purehydrogencarrier-
gaswhichwaspurifiedbyusingaheated-palladium
diffusioncell.Theepilayersweredopedp-typebythe
additionofdiborane(I00ppmor500ppmB2H6in H2)
intothereactorduringepilayergrowth.

Theannealingexperimentswerecarriedout in a
CVD-polycrystallineSiCcavityat 1700°Cfor0.5h in
anatmosphericpressure,ultra-pureargonenviron-
ment.Secondaryionmassspectrometry(SIMS)was
performed2_usinga CAMECAIMS-4fdouble-focus-
ing,magneticsectorionmicroanalyzer.Cesiumbom-
bardmentwasusedfor determinationof hydrogen,
boron,andnitrogenatomicconcentrationprofilesby
usingthedetectorin anegativesecondaryiondetec-
tion modeto monitor(H)-andthe diatomicspecies

B(+C),N(+C),respectively.Thealuminumandhigher
accuracyboronelementalconcentrationsweredeter-
minedbyusingoxygenbombardmentandapositive
secondaryiondetectionmode.Thesputter-timedata
wasconvertedinto depthdataby measurementof
craterdepths,byusingastylusprofilometer.Capaci-
tance-voltage(C-V)measurementswereobtainedat
100kHzonamercury-probeinstrumentwith amer-
cury-Schottky(contactarea= 1.64× 1@3cm2),using
the mechanicalsample-hold-downpaddleas the
electricalgroundonthebackofthesample.Thelow
temperaturephotoluminescence(LTPL) was per-
formedat2KbyimmersingtheSiCsamplesinpumped
liquidhelium,andexcitedusingthe3250Aradiation
fromaHe-Cdlaser.TheLTPLspectrawererecorded
on a 0.75meter Spexmonochromator(10_Jmm),
usingathermoelectricallycooled(-30°C)GaAs/CsO
photomultiplierandaphotoncountingsystem.

RESULTSANDDISCUSSION

Boron Incorporation
Theamountofboronincorporatedinto these6H-

SiCepilayerswascontrolledby usingsite-competi-
tion epitaxy.As previouslyreported,7 site-compe-
tition epitaxyis adopantcontroltechniquebasedon
appropriatelyadjustingthe Si/Cratio within the
growthreactorto effectivelycontrolthe amountof
dopantincorporatedintosubstitutionalSiCcrystal
lattice sites.Thesesitesare either carbon-lattice-
sites(C-sites)orsilicon-lattice-sites(Si-sites)located
on the activegrowth_surfaceof the siliconcarbide
crystal.Nitrogendonoratomsarebelievedto occupy
onlytheC-sitesfordensitiesbelow102ocm-3whereas
aluminumacceptoratomsoccupyonlytheSi-sitesin
aSiClattice._,22Themodelforsite-competitionepit-
axyisbasedontheprincipleofcompetitionbetween
nitrogenand carbonfor the C-sitesand between
aluminumandsiliconfortheSi-sitesonthegrowing
siliconcarbidesurface.For example,it wasprevi-
ouslyreportedvthat theconcentrationof aluminum
dopantatomsincorporatedinto a growingsilicon
carbideepilayercanbedecreasedbyincreasingthe
silaneconcentrationsothatSioutcompetesAl forthe
Si-sites.Conversely,theconcentrationof aluminum
incorporatedintoagrowingSiCepilayercanbegreatly
increased(i.e.for degeneratep-typeepilayers)by
decreasingonly the Si/C ratio within the reactor
duringepilayergrowth.TheSi/Cratio canbede-
creasedby eitherincreasingthe carbon-sourcecon-
centration(i.e.byincreasingthepropaneflowintothe
reactor)or by decreasingthe silicon-sourceconcen-
tration in theCVDreactorduringepilayergrowth.

Therefore,in orderto utilize this dopantcontrol
technique,it first mustbedeterminedwhetherthe
specificdopantatomoccupieseithertheC-siteor the
Si-siteofthe SiClattice.Boronhasbeenreportedto
occupyboththeSi-siteandtheC-site,i_._2.23-95which
wouldprecludeeffectiveuseofsite-competitionepit-
axyfor controlofborondopingin SiC.However,our
CVDexperimentalresultsindicatethat boronprefer-
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entiallyoccupiestheSi-siteoftheSiClattice.Wehave
foundthat boronincorporationintotheSiCepilayer
decreasesasthe silaneconcentrationincreases(i.e
increasingtheSi/Cratio),whichisconsistentwiththe
increasedamountof siliconoutcompetingtheboron
foravailableSi-sitesduringgrowthoftheSiCepilayer.

Conversely,boronincorporationcanbeincreased
bydecreasingtheSECratiobydecreasingthesilane
concentrationor, alternatively,increasingonlythe
propaneconcentration.Varying only the propane
concentrationforeffectivecontroloftheborondoping
is illustratedin Fig. 1,in whichthe SECratiowas
decreasedstepwiseduringepilayergrowthbysucces-
siveincreasesin propaneconcentrationwhilemain-
tainingaconstantsilaneanddiboraneconcentration.
Here,the boronincorporationin theepilayer in-
creasesasthepropaneconcentrationis increased
becauseof the relativedecreasein the Si/Cratio
within thegrowthreactor.Thisrelativedecreasein
siliconconcentrationenablestheboronatomsto out
competethesiliconatomsformoreoftheavailableSi-
sites on the surfaceof the growing_SiC epilayer,
resultingin increasedboronincorporationinto the
SiCepilayer.

Todeterminethereproducibilityofthedopingcon-
trol,numerousboron-dopedSiCepilayersweregrown
duringseparate2h growthexperiments,eachusing
aconstantSi/CratiorangingfromSffC=0.1-0.5.For
selectedepilayers,SIMSdeterminedelementalboron
concentrationwascomparedto thenet carriercon-
centrationmeasuredusing mercury-probeC-V.A
typicalepilayergrownusingaSEC=0.51hadaC-V
meas_ednetc_er concentrationofp- 5×1015cm_ as
comparedto a net carrier concentrationof p =
3.5×1017cm-3foranepilayergrownusingaSi/C=0.11
inaseparateexperimentbutwithanidenticaldiborane
concentration (1..6ppm). Secondaryion mass
spectrosocpyanalysisrevealedan elementalboron

concentrationof [B] = 6.5× 1016cm-3for the lower
doped(p= 5× 1015cm-3)epilayeranda [B]= 1× l0Is
cm-3for themorehighlyboron-doped(p= 3.5× 1017
cm-3)SiCepilayer.Thelargeincreaseinboronincor-
porationresultingsolelyfroma changein the Si/C
ratio illustrates

• thestrongdependencyoftheboronincorporation
on the Si/Cratio usedduringepilayergrowth,
and

• thepreferentialB occupancyoftheSi-sitevsthe
C-site.26

Low Temperature Photoluminescence
Identification of Hydrogen

Three boron-doped SiC epilayers, grown using iden-
tical Si/C ratios but with different diborane concen-
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Fig.2. (a) Low temperaturephotoluminescence spectra of three 6H-SiC epilayersbefore anneal,with decreasing hydrogen,re_atedline intensities
(labeled Ha)' Corresponding to the decrease in H3 line intensities, the samples haddecreasing measured net carrier concentrations of I)p =
2 x 10_6cm-3, I])7x 10 _5cm -3, and Ill) 2 x 10_:5cm_3.The LTPL spectra were normNized relative to the intensity of So,one of the nitrogen bound
exciton LTPL lines. (b) LTPL spectroscopy of the samples after a1700°C anneal in argon for0.5 h revealed a relative decrease inthe intensity of
the hydrogen related:line (labeled H3). The insets of the LTPLspectra from 4190 to 4200Aillustrate that a small amount of hydrogen remained in
the epilayers following the high temperatureanneal
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Fig. 3. (a) Secondary ion mass spectroscopy analysis of a boron-
doped epilayer revea0edthat prior to anneal the hydrogen concen-
tration increased as theboron concentration increasedwithin the CVD
SiCepilayer.(b) SIMS analysis afterananneal in argon at 1700°C (0.5
h) revealed that the hydrogen concentration is at or below the H-
detection limit of the SIMS instrument, indicating the outdiffusion of
hydrogenduringthe hightemperatureanneal.Also, nosignificant solid
state diffusion of boron was detected, as evidenced by the continued
sharpness of the boron concentration profile.

trations, were subsequently examined using low tem-
perature photolum]nescence spectroscopy (LTPL).
Identical Si/C ratios were used in order to eliminate

potential effects of different propane concentrations

on hydrogen incorporation, thereby isolating the hy-
drogen incorporation effect to only the change in
diborane concentration. The resulting spectra, shown
in Fig. 2a, reveal that a significant amount of hydro-

gen was contained in each of the boron-doped epilayers.
The most prominent line (at 4193A and labeled H3) ,
observed both in hydrogen-ion implanted SIC 13,14and

in CVD grown SiC epi]ayers, _5 has been previously
assigned to a hydrogen center. The H 3 line intensity
increased, relative to the two nitrogen bound exciton

lines (S oand Ro), as the C-V net carrier concentration
increased for the sample series p = 2 × 1015 cm -3, p =
7 × 1015 cm -3, and p = 2 × 10 _ cm -3. This correlation of

increased H 3 intensity with increasing p.type charac-
ter suggests that the hydrogen incorporation is di-
rectly proportional to the amount of boron incorpo-
rated into the SiC epilayer.

The intensity of all hydrogen related spectra de-
creases after the samples are subjected to a 1700°C
anneal in argon for 0.5h (see Fig. 2b). In comparing
the results shown in Fig. 2b with those of Fig. 2a, it

becomes evident that the H 3 line intensity has se-
verely decreased relative to S o, a nitrogen bound
exciton line. This indicates that either most of the

hydrogen has diffused out of the SiC epilayer or the
optical activity of the hydrogen has been altered. Also
note that lines related to the boron center in SiC were

not observed before or after the high temperature
anneal, which is less understood and still under

investigation.

SIMS Analysis for H Incorporation

Epilayers containing stepped increases in boron
concentration [B], from only varying the Si/C ratio,
were prepared as described in Fig. I and subse-
quently analyzed for hydrogen using SIMS. This was
done to

o confirm that hydrogen and boron incorporation
are related, and

• determine whether the hydrogen was removed or
if its optical activity was simply altered as a
result of the 1700°C anneal.

The results of SIMS analysis of the [B]-stepped epi-
layer, prior to the high temperature anneal, are dis-
played in Fig. 3a. The increase in hydrogen concentra-
tion is observed to correspond with the increase in
boron concentration within the epilayer. This indi-
cates that the hydrogen incorporation is directly re-
]ated to the boron incorporation in the 6H-SiC

epilayers. We do not know whether the hydrogen
atom is substitutional or defect related 27as was pre-
viously reported for hydrogen in other semiconductor
materials. (Note that the hydrogen concentration
profile displayed in Fig. 3a is artificially less than the
boron concentration and each step in the hydrogen
concentration profile also contains a downward slope,
both of which are artifacts of the SIMS measure-
ment.) 2s

After a 1700°C anneal for 0.5 h in argon, the sample
was again SIMS depth profiled for determination of
boron and hydrogen concentration. The results are
displayed in Fig. 3b which indicates that the hydro-
gen has diffused out of the SiC epilayer as a result of
the 1700°C anneal. The amount of hydrogen remain-
ing within the boron-doped epilayer is below the
hydrogen background concentration (<2 × 10 _7 cm -3)
in the SIMS instrument. Also, it is interesting to note
that boron does not undergo appreciable solid state
diffusion as a result of the 1700°C anneal, which is
evidenced by the continued sharpness of the [B]-
profile displayed in Fig. 3b.



HydrogenIncorporationinB-Doped6H-SiCCVD
EpilayersProducedUsingSite-CompetitionEpitaxy 293

".............1
Anneali 1 1°'°.. I I ..

,,o .............................................: i i

0 2 4 6 8 10 0 2 4 6 8 10

Voltage (V) Voltage (V)

'E
°,,9,

Q..

2.8 10' e

21016

1.2 101 s

410 is

---:.__-:..--i----]----:----]----i----]----:-Afteri 700°C 'Alnn;al-_

, v i i i _' l_j tI'_ "II"I.1o_
..................i...................i...................i
..................i...................i.............

2 4 6 8 10

Voltage (V)

a b c

Fig. 4. The C-V measured net carrier concentrations before (lower plot in each graph) vs after (upper plot) a 1700°C anneal indicate more than a
threefold increase in the net carrier concentration for all three doping levels, identical Si/C ratios were used during the epilayer growth in order to

minimize potential effects of different propane concentrations on hydrogen incorporation.

Hydrogen Passivation of Acceptors

To determine the extent of hydrogen passivation of
dopants, the sample series discussed in Fig. 2 was
examined using mercury-probe C-V before and after
a high temperature anneal in argon. The C-V results
after a 1700°C anneal, vs before the anneal, indicate
a three to fourfold increase in the net carrier concen-

tration for all three doping levels (see Fig. 4). This
increase indicates that, prior to the anneal, hydrogen

was passivating the acceptor atoms of the B-doped
SiC epilayers. The amount of hydrogen-passivated
acceptors was estimated for each sample by a com-
parison of the measured net carrier concentration (at
V = 0) before and after the 1700°C anneal. The
increase in carrier concentration, due to the reduction
in hydrogen-passivation with post-anneal, was ap-
proximately 4.5X, 3X, and 3.25X for the three samples
with post-anneal net carrier concentrations of p =
9 x I0 Is cm _, p = 1.9 x I01_ cm -_, and p = 6.5 x I0 I_ cm -3,
respectively.

S_MARY

We have demonstrated that site-competition epit-

axy is effective for the control of B-doping in CVD 6H-
SIC(0001) epilayers, with B incorporation inversely

proportional to the Si/C ratio used within the reactor
during SiC epilayer growth. This is consistent with B
substituting for Si in the Si-site, in agreement with

previous ENDOR 29and EPR 12results. Both LTPL and
SIMS analysis of the boron-doped epilayers indicate
that the hydrogen concentration contained in the
epilayers increased with increasing boron incorpora-
tion. The LTPL hydrogen related lines significantly
decreased in intensity following a 1700°C anneal,
which is consistent with the outdiffusion of hydrogen
during the high temperature anneal. Secondary ion
mass spectroscopy analysis of a boron-doped SiC
epilayer provided additional evidence to support the
removal of hydrogen as a result of the 1700°C anneal
in argon. However, SIMS analysis did not reveal
evidence for boron solid state diffusion for a sample
containing a stepped boron concentration profile also
annealed at 1700°C for 0.5 h. Mercury probe C-V
measurements indicate that a significant amount of
the boron acceptors were passivated by the hydrogen

incorporated into the epilayers, whereas no evidence
for donor passivation was found.

Although previous work has also suggested that B
occupancy in SiC may be amphoteric, our results
indicate that there is at least a preference for B

incorporation into the Si-site for boron-doped CVD
epilayers. However, we are currently working to de-
termine to what extent B incorporates into the C-site

in CVD grown 6H-SiC epilayers.
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